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Abstract—It is demonstrated that the bandwidth of circular po-
larization (CP) can be significantly increased when one more par-
asitic loop is added inside the original loop. A single-loop antenna
has only one minimum axial ratio (AR) point while the two-loop
antenna can create two minimum AR points. An appropriate com-
bination of the two minimum AR points results in a significant
enhancement for the CP bandwidth. A comprehensive study of
the new type of broad-band circularly polarized antennas is pre-
sented. Several loop configurations, including a circular loop, a
rhombic loop, and a dual rhombic loop with a series feed and a
parallel feed, are investigated. The AR ( 2 dB) bandwidth of the
circular-loop antenna with a parasitic circular loop is found to be
20%, more than three times the AR bandwidth of a single loop. For
the rhombic-loop antenna with a parasitic rhombic loop, an AR
bandwidth (AR 2 dB) of more than 40% can be achieved by
changing the rhombus vertex angle. The AR ( 2 dB) bandwidths
of the series-fed and parallel-fed dual rhombic-loop antennas with
a parasitic element are 30% and 50%, respectively. A broad-band
balun is incorporated into the series-fed dual rhombic-loop an-
tenna for impedance matching. The broad-band CP performance
of the loop antennas is verified by experimental results.

Index Terms—Broad-band antenna, circularly polarized (CP)
antenna, loop antenna.

I. INTRODUCTION

LOOP antennas (such as circular, square, triangular, rectan-
gular, and rhombic loops) are usually used as linearly po-

larized antennas [1]. In recent years, it has been found that a loop
antenna can also radiate circularly polarized (CP) waves if a gap
is introduced on the loop [2]–[5]. The reason for the CP radiation
is the traveling-wave current distribution that gets excited along
the loop. Compared to conventional center-fed planar spiral an-
tennas [6], the CP loop antennas have two important advantages.
First, the loop antenna is fed on its perimeter, making it possible
to directly integrate an antenna array in a coplanar stripline cir-
cuit [7], [8]. Second, the sense of the circular polarization can be
easily switched from left-hand to right-hand, and vice versa, by
altering the gap positions using radio-frequency (RF) switches
such as microelectro-mechanical systems (MEMS) [9], opto-
electronic switches [10], or PIN diodes [11]. Even though it is
possible for some loop configurations (such as rhombic loops)
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to achieve a bandwidth of more than 20% for an axial ratio (AR)
of less than 2 dB, the bandwidth of the CP loop antennas is still
much less than that achieved by spiral antennas [12]. In this
paper, it will be demonstrated that the AR bandwidth of a CP
loop antenna can be significantly increased by adding a similar
loop (also with a gap, called “parasitic element” in general) in-
side the original loop. The addition of a parasitic element can
produce two minimum AR points that (by an appropriate com-
bination) lead to a considerable enhancement for the AR band-
width. Since the additional parasitic element is placed inside
the original loop and there is no direct electrical connection to
its surrounding, there is no significant increase in the size and
complexity of the antenna structure. In this paper, several loop
configurations will be investigated, including a circular loop, a
rhombic loop, a series-fed dual rhombic loop, and a parallel-fed
dual rhombic loop. It will be shown that for a circular-loop an-
tenna the AR ( 2 dB) bandwidth be can be increased from 6.5%
to 20% by the addition of a parasitic circular loop. For a rhombic
loop antenna with a parasitic element, it is possible to achieve
an AR ( 2 dB) bandwidth of more than 40% by adjusting the
rhombus vertex angle. For the series-fed and parallel-fed dual
rhombic-loop antenna with a parasitic loop, the bandwidths for

2 dB of 30% and 50% can be obtained, respectively.
First the bandwidth improvement of a circular-loop antenna

with a parasitic element will be demonstrated. Then the single
rhombic and dual rhombic loops with a parasitic element will
be investigated in order to further increase the AR bandwidth of
loop antennas. Finally, two experimental examples (a circular
loop and a series-fed dual rhombic loop with broad-band balun)
will be presented to verify the theoretical and simulation results.

II. CIRCULAR-LOOP ANTENNA WITH A PARASITIC ELEMENT

A. Antenna Structure

As shown in Fig. 1, the antenna consists of two concentric
coplanar wire loops (Loop 1 and Loop 2) placed above a ground
plane at a height . Loop 1 (the larger one), fed at 0
by a voltage source 1 volt , acts as a primary element,
while Loop 2 (the smaller one) serves as a parasitic element. In
order to radiate a CP wave, a small gap is introduced on each
loop. The size (or the radius ) of Loop 1 is determined by the
lower limit of an operating frequency band (its circumference
is slightly longer than one wavelength at the lower frequency).
By adjusting the size (or the radius ) of Loop 2, the positions
(at for Gap 1 and for Gap 2) of two gaps, and
the height , an optimal performance for the on axis (in the
direction) axial ratio can be achieved.

0018-926X/$20.00 © 2005 IEEE
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Fig. 1. Geometry of a circularly polarized circular-loop antenna with a
parasitic circular loop for bandwidth enhancement.

B. Numerical Results

The circular-loop antenna with a parasitic element was nu-
merically simulated using a Method-of-Moment based electro-
magnetic analysis software (NEC 1.1). In the simulation, 72
piecewise linear segments (i.e., 5 per segment) were employed
to model the geometry of each circular loop and an infinite
ground plane was assumed. Both of the gap widths ( for
Gap 1 and for Gap 2) are 5 (i.e., one segment). The wire
radius of Loop 1 is chosen to be two times the radius
of Loop 2, which is set at 0.0058 , where is the
free-space wavelength at the center frequency . The circum-
ference of Loop 1 is found to be 1.288 while the circumfer-
ence of Loop 2 and the height are optimized to be 0.867
and 0.236 , respectively. The optimal gap positions are found
to be at 55 , 65 . Note that the position of Gap 1
needs to be moved to 40 (for a minimum AR of 0 dB) if
without the parasitic element (i.e., Loop 2). As for the selection
of geometric parameters of the circular loop, it will be discussed
in more detail later.

Fig. 2 shows the axial ratio comparison between the circular-
loop antennas with and without the parasitic element. It is seen
that the AR ( 2 dB) bandwidth is increased from 6.5% to 20%
by introducing the parasitic element. It is also observed that
there are two minimum AR points appearing at a lower (than
the center frequency ) frequency and at a higher frequency

, respectively. It is the combination of the two minimum AR
points that results in the bandwidth enhancement. The AR band-
width can be further increased at the expense of a higher max-
imum AR criterion .

The frequency characteristics of the input impedance and gain
are presented in Fig. 3. It is seen that over the 2 dB
bandwidth the gain is near 9 dBi and the input impedance is

Fig. 2. Axial ratio comparison between the circular-loop antennas with and
without a parasitic element. [Geometric parameters: r = 0.205� , r =

0.138� , h = 0.236� , r = 0.0118� , r = 0.0059� , � = 55 (� =

40 if without the parasitic element), � = 65 ,�� = 5 , and�� = 5 ].

Fig. 3. Input impedance and gain of the circular-loop antenna with a parasitic
element.

around 125-j50 ohms. The radiation pattern of the circular-loop
antenna with the parasitic element is similar to that without a
parasitic element [4].

C. Discussion

The current distribution on the circular loop (Loop 1) with a
parasitic element (Loop 2) is plotted in Fig. 4 at . It is ob-
served that the current on Loop 1 has a considerable fluctu-
ation in magnitude while the current on Loop 2 shows little
feature of a traveling-wave current distribution. Fortunately, the
total current has the feature of a traveling-wave cur-
rent distribution with a more uniform magnitude than the cur-
rent on Loop 1. This is essential for a CP radiation pattern. From
this observation, we conclude that the role of the parasitic ele-
ment is to compensate the magnitude variation of the current on
the primary element. It should be mentioned that it is difficult
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Fig. 4. Current distribution on the circular-loop antenna with a parasitic
element (f = f ).

to enhance the AR bandwidth by placing the parasitic element
outside the fed loop. The reason for this difficulty is that the cur-
rent on the parasitic loop does not show a traveling-wave cur-
rent distribution, making it impossible to achieve the desirable
CP radiation.

The effect of the geometric parameters on the axial ratio of
the circular-loop antenna with a parasitic element has been in-
vestigated. It is found that as the size of parasitic loop (Loop
2) increases, the minimum AR point at the higher frequency

(which decreases with the increase in the size of Loop 2)
moves toward the center frequency, lowering the maximum AR

. The height ( ) above the ground plane affects the
minimum AR points ( and ) and the and there is an
optimal value for the height at which the AR bandwidth is max-
imized for a certain . The positions of Gap 1 and Gap 2
mainly affect the minimum AR points and , respectively
(in turn the ). This is because the effective length for a
traveling-wave current distribution on Loop 1 [i.e., 2 ]
of Loop 1 decreases as increases; thus increases with in-
creasing . On the other hand, decreases as decreases
because the effective length on Loop2 increases. The wire radii
(i.e., and ) of the loops and the widths ( and ) of
the gaps also have some effects on the AR performance but are
not very critical. [Note that in this paper we only consider the
thin-wire case, i.e., 2 (and ) 0.1 .] As a rule of thumb,
it is suggested to choose 0.012 0.008 , 0.3 0.5 ,
and the gap widths of 2–4 times the wire radii.

Fig. 5. Geometry of a circularly polarized rhombic-loop antenna with a
parasitic rhombic loop.

III. RHOMBIC-LOOP ANTENNA WITH A PARASITIC ELEMENT

It has been demonstrated in [2] that it is possible for a
rhombic-loop antenna to achieve an AR bandwidth of more
than 20% 2 dB by adjusting the rhombus vertex
angle. In this section, it will be shown that the AR bandwidth
can be increased to 40% by adding a parasitic element. Fig. 5
illustrates the geometry of the rhombic-loop antenna with a
parasitic similar rhombic loop where the rhombus vertex angle
is denoted by . For a certain , an optimal AR performance is
obtained by slightly adjusting the height . The procedure for
determining other geometric parameters of the rhombic loop
is similar to that of the circular loop. The perimeters of the
primary and parasitic loops (i.e., Loop 1 and Loop 2 indicated
in Fig. 5) are found to be 1.396 and 0.872 , respectively,
and are fixed at the same values as varies. The gap positions
are adjusted to be 0.186 for Gap 1 and 0.174
for Gap 2.

Fig. 6 shows the AR of the rhombic-loop antenna at different
rhombus vertex angles ranging from 90 to 45 . It
is clearly seen that the AR bandwidth increases as decreases.
The AR ( 2 dB) bandwidth is about 24% at 90 and is
increased to more than 40% at 45 . The bandwidth vari-
ation with the rhombus vertex angle is an inherent property of
the rhombic-loop antennas, which has also been observed for
the impedance and radiation characteristics [1], [2].

Fig. 7 displays the gain of the rhombic-loop antenna as a
function of frequency at different rhombus vertex angles. It is
indicated that the gain decreases with the increase of the fre-
quency and the decrease of the rhombus vertex angle. Therefore,
there is a tradeoff between the bandwidth for circular polariza-
tion and the gain. The loss of gain comes from two aspects: 1)
the shrinkage of antenna aperture (i.e., the cross section area of
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Fig. 6. Axial ratio of the rhombic-loop antenna with a parasitic element at
different rhombus vertex angles. (Geometric parameters: l = 0.349� , l =
0.218� , s = 0.186� , s = 0.174� ,�s = 0.0232� ,�s = 0.0145� ,
r = 0.0118� , r = 0.0059� , h = 0.262� for � = 90 , h = 0.284� for
� = 75 , h = 0.306� for � = 60 , and h = 0.328� for � = 45 ).

Fig. 7. Gain of the rhombic-loop antenna with a parasitic element at different
rhombus vertex angles.

the rhombic loop) as decreases and 2) the increase in the elec-
trical height of the rhombic loops above the ground plane. Note
that the directivity of a horizontal electric dipole decreases as its
height (increased from 0.262 to 0.328 as decreases from
90 to 45 ) above the ground plane increases [1]. The radiation
pattern of the rhombic-loop antenna with a parasitic element is
very similar to that of a circular-loop antenna.

IV. DUAL RHOMBIC-LOOP ANTENNA WITH A PARASITIC

ELEMENT

The dual rhombic-loop antenna that consists of two rhombic
loops was developed in [3] with two types of feed configura-
tions: i) series feed and ii) parallel feed. An AR bandwidth of

Fig. 8. Geometry of series- and parallel-fed dual rhombic-loop antennas with
a parasitic dual rhombic loop.

more than 20% 2 dB has been obtained for a par-
allel-fed dual rhombic-loop antenna [3]. In this section, it will
be demonstrated that an AR bandwidth of near 40% for
1 dB can be achieved for the parallel-fed dual rhombic-loop an-
tenna by adding a parasitic element (also a dual rhombic loop).
Fig. 8 depicts the geometry of a dual rhombic-loop antenna
with i) a series feed and ii) a parallel feed. The rhombus vertex
angle is fixed at 90 because it has a higher gain and a
less dramatic impedance variation than the rhombic loop with
a smaller vertex angle (as shown in the previous section). A
similar rhombic loop (Loop 2) is placed inside of each of the
two primary rhombic loops (Loop 1). There is a small gap
0.025 along each of the loops. Like the single-loop antennas
described previously, an optimal AR performance of the dual
rhombic-loop antenna can be obtained by adjusting the size of
the parasitic element, the positions of the gaps, and the height
of the loops above the ground plane. By simulation, it is found
that the best position of Gap 1 for the series feed is close to
the feed point, i.e., 0. Therefore, if without the para-
sitic element the series-fed dual rhombic-loop antenna is essen-
tially an S-type [13] or a figure-of-eight wire antenna [14]. The
geometric parameters of the dual rhombic-loop antenna are ob-
tained by numerous simulations. We simulated the antenna usu-
ally following this procedure: first, the loop antenna without a
parasitic element was simulate and the first minimum AR ( 0.5
dB) point near the lower limit of the design frequency band was
found by adjusting the loop size and the gap position; next, a
similar parasitic element was added inside the original loop and
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Fig. 9. Axial ratio comparison between the series-fed dual rhombic-loop
antennas with and without a parasitic element. (Geometric parameters:
l = 0.345� , l = 0.216� , s = 0, s = 0.158� , �s = 0.023� ,
�s = 0.0105� , r = 0.0086� , r = 0.0043� , h = 0.28� , and
� = 90 ).

Fig. 10. Axial ratio comparison between the parallel-fed dual rhombic-loop
antennas with and without a parasitic element. [Geometric parameters: l =

0.272� , l = 0.17� , s = 0.072� (s = 0.018� if without the parasitic
element), s = 0.125� , �s = 0.018� , �s = 0.011� , r = 0.01� ,
r = 0.005� , h = 0.28� , and � = 90 ].

the size of the parasitic element was kept changing until the
second minimum AR point appears around the upper limit of
the design frequency band; finally, the values of AR at two min-
imum AR points and at the center frequency were tuned below
the maximum AR criterion (e.g., 2 dB) by slightly adjusting the
gap positions, the sizes of two loops, the height above the ground
plane. It is found that the outer perimeters 8 of the series-fed
and parallel-fed dual rhombic-loop antennas are 2.8 and

2.2 , respectively.
Fig. 9 shows the AR comparison between the series-fed dual

rhombic-loop antennas with and without a parasitic element.
We can see that the bandwidth for 2 dB is increased
from 12% to 30% by adding the parasitic element. For the
parallel feed, the AR is compared in Fig. 10 between the dual
rhombic-loop antennas with and without the parasitic element.
It is observed that the 2 dB bandwidth is increased
from 25% to 50% by introducing the parasitic element. More
importantly, a very low maximum AR 0.75 dB is
obtained, and it is seen that the AR bandwidth for 1 dB

Fig. 11. Input impedance and gain of the series-fed dual rhombic-loop antenna
with a parasitic element.

Fig. 12. Input impedance and gain of the parallel-fed dual rhombic-loop
antenna with a parasitic element.

is near 40%. The reason why the parallel feed corresponds
to a wider bandwidth than does the series feed is that the
parallel-fed dual rhombic loop is adjusted a larger height above
the ground plane, which in turn increases the volume occupied
by the antenna.

Figs. 11 and 12 show the frequency characteristics of the
input impedance and gain of the series- and parallel-fed dual
rhombic loop antennas with a parasitic element. As expected,
the parallel feed has a lower input resistance (about 50 ohms)
than that of the series feed ( 100 ohms). It is also observed that
the series feed corresponds to a higher gain (about 10–11 dBi)
than does the parallel feed (varying from 8 dBi to 6 dBi in the

1 dB bandwidth). Therefore, the series feed is suitable
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for the applications in which the gain is most important while
the parallel feed can find applications where the purity of polar-
ization is the first priority. It should be mentioned that the series
feed has another important feature: the series feed can be real-
ized by a coplanar strip line, making it possible to integrate an
antenna array with feeding structure in a coplanar circuit [7],
[8]. The radiation patterns of the series- and parallel-fed dual
rhombic loop antennas have no significant change after the ad-
dition of a parasitic element. Usually the parallel feed corre-
sponds to a broader beamwidth than does the series feed; hence
the parallel feed has a lower gain. The broader beamwidth for
the parallel feed is due to two factors: 1) the smaller loop size
( 0.272 for the parallel feed versus 0.345 for the
series feed) and 2) the larger height ( 0.323 for the par-
allel feed versus 0.28 for the series feed).

V. EXPERIMENTAL RESULTS

To confirm the bandwidth enhancement by the parasitic ele-
ment, a broad-band circular-loop antenna and a broad-band se-
ries-fed dual rhombic-loop antenna were designed, fabricated,
and measured. The reason for choosing the two configurations
as examples is that the bandwidths of these antennas are within
the frequency range our antenna measurement system can cover.
The antenna measurement system employed is the NSI near-
field system which is capable of measuring amplitude and phase
patterns. The probe used (as a TX source antenna) is a WR159
open-ended waveguide probe that covers the frequency range
4.9–7.05 GHz. Both antennas were designed on a thin dielectric
substrate substrate thickness 0.254 mm with a low dielec-
tric constant (RT/duroid 5880, 2.2) and were simulated
by Microstripes 6.5—a TLM (Transmission-Line Matrix) based
full-wave EM (electromagnetic) design tool. The circular-loop
antenna was fed by a quarter-wavelength folded balun while the
series-fed dual rhombic-loop antenna was fed by a broad-band
balun for a good input impedance matching.

A. Broad-Band Circular-Loop Antenna

The geometry of the printed broad-band CP circular-loop an-
tenna is depicted in Fig. 13. The central design frequency of this
antenna is 5.75 GHz. The dimensions of the primary loop (i.e.,
Loop 1) and the parasitic loop (i.e., Loop 2) are indicated in the
figure. The gaps on Loops 1 and 2 are located 45 and 60 away
from the feed point, respectively. The printed circular-loop an-
tenna is mounted 13 mm above a 40 mm 40 mm aluminum
plate (as a finite ground plane) with the support of a piece of Sty-
rofoam 1.03 . A quarter-wavelength folded balun [15]
was used to provide a balanced feed for the antenna. Consid-
ering the narrow bandwidth of the quarter-wave balun, we em-
ployed two folded baluns: one has a length of 14 mm used for
the frequency range 5.0–5.75 GHz and the other has a length of
12 mm for the band of 5.75–6.5 GHz.

Fig. 14 shows the simulated and measured results for the on
axis axial ratio and gain of the broad-band circular-loop antenna.
Even though the measured axial ratio is higher than the simu-
lated result, the broad-band performance is still observed: the

Fig. 13. Printed broad-band circularly polarized circular-loop antenna. (The
width of Gap 1 is 1.0 mm and the width of Gap 2 is 0.6 mm).

Fig. 14. Axial ratio and gain of the printed broad-band circularly polarized
circular-loop antenna.

measured and simulated bandwidths for 2 dB are 18%
and 21%, respectively. The difference between the simulated
and measured results is caused by the feeding structure, which
was not taken into account in the simulation. The gain of the an-
tenna is 7–8 dBi, slightly lower than that shown in Fig. 3 due to
the effect of the finite ground plane. This antenna has a voltage
standing-wave ratio (VSWR) of around 3; thus an impedance
matching circuit may be needed for some practical applications.
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Fig. 15. Printed broad-band series-fed dual rhombic-loop antenna with a
broad-band balun. (The strip width of Loop 1 is 1.6 mm, the strip width of Loop
2 is 0.8 mm, the width of Gap 1 is 1.0 mm, and the width of Gap 2 is 0.6 mm;
w = 6.0 mm, w = 0.6 mm, w = 0.5 mm, w = 0.8 mm, w = 3.2 mm,
h = 1.0 mm, h = 9.2 mm, l = 6.0 mm, l = 3.2 mm).

B. Broad-Band Series-Fed Dual Rhombic-Loop Antenna

The configuration of the printed broad-band CP dual
rhombic-loop antenna is illustrated in Fig. 15. The central
design frequency of this antenna is set at 6.0 GHz. The printed
dual rhombic-loop antenna with parasitic element is also
mounted 13 mm above a 60 mm 60 mm aluminum plate with
the support of a broad-band balun which was fabricated on the
same type of RT/duroid substrate as used for the printed loop
(namely, 2.2 and thickness 0.254 mm). This type of
broad-band balun has been widely used for broad-band printed
dipole antennas [16]–[18]. To our knowledge, however, this is
the first time to be used for a CP loop antenna. The broad-band
balun can excite the balanced mode by making use of the
coupling between the microstrip line printed on one side of the
substrate to the slot which is etched on the other side (which
also serves as the ground plane for the microstrip line) of the
substrate. A good impedance matching can be achieved by ad-
justing the length of the slot, the height and the length

of the microstrip line. Fig. 16 presents the simulated and
measured results for VSWR of the broad-band balun fed dual
rhombic-loop antenna, which shows a broad-band impedance
bandwidth VSWR 1.8 of 38% from 5.0–7.4 GHz. (Note
that the broad-band balun was included in the simulation.)

The simulated and measured results for the axial ratio and
gain are compared in Fig. 17, showing good agreement. The
AR bandwidth for 2 dB is found to be about 30%,
which implies that the broad-band balun has no significant ef-
fect on the broad-band performance for circular polarization of
the dual rhombic-loop antenna. The measured gain is near 10
dBi. The radiation patterns simulated and measured in two prin-
cipal planes ( 45 and 135 ) are plotted in Fig. 18 at

Fig. 16. VSWR of the printed broad-band series-fed dual rhombic-loop
antenna with a broad-band balun.

Fig. 17. Axial ratio and gain of the printed broad-band series-fed dual
rhombic-loop antenna.

5.4, 6.0, and 6.6 GHz. Good agreement is observed in the main
beam of the co-polarization (i.e., the left-hand circular polariza-
tion, LHCP). The level of cross-polarization (i.e., the right-hand
circular polarization, RHCP) is lower than 15 dB over the
main beam. It is also noticed that the beamwidth in the plane of

45 is much broader than that in plane of 135 . This
is because the antenna profile along the direction of 135
is much longer than that along the direction of 45 .

It should be mentioned that we tried to use this type of broad-
band balun for the feeding of the circular-loop antenna, but
it failed. Our investigation shows that this type of broad-band
balun is not suitable for an asymmetric (with respect to the feed
point) CP antenna structure (such as the circular loop shown in
Fig. 1 or the rhombic loop in Fig. 5). It is possible to achieve a
broad-band impedance matching, but the CP performance can
be significantly degraded. The reason is that the asymmetric an-
tenna structure may cause an unbalanced current on the feeding
structure, thus contributing to the radiation pattern, introducing
an unwanted cross-polarized field component.

VI. CONCLUSION

It has been demonstrated that the bandwidth for circular po-
larization of a loop antenna can be significantly increased by
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Fig. 18. Radiation patterns of the printed broad-band series-fed dual rhombic-loop antenna. (a) f = 5.4 GHz. (b) f = 6.0 GHz. (c) f = 6.6 GHz.

incorporating a similar loop inside the original loop. The in-
corporated loop serves as a parasitic element and introduces
an additional minimum axial ratio (AR) point. A combination
of the original and additional minimum AR points leads to an
AR bandwidth enhancement. It has been found that the AR
( 2 dB) bandwidth of the circular-loop antenna with a para-
sitic circular loop can be increased from 6.5% (without the par-

asitic element) to 20%. A rhombic-loop antenna with a parasitic
rhombic loop can achieve an AR bandwidth 2 dB of
more than 40% at a rhombus vertex angle of 45 . A bandwidth
of 30% 2 dB with a gain of 10 dBi has been obtained
for a series-fed dual rhombic-loop antenna with a parasitic dual
rhombic loop while a bandwidth of 50% for 2 dB dB
and a bandwidth of 40% for 1 dB have been realized
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for the parallel-fed dual rhombic loop by adding a parasitic el-
ement. The experimental results from a circular-loop antenna
and a series-fed dual rhombic-loop antenna have confirmed the
bandwidth enhancement. A good impedance matching has been
achieved for the series-fed dual rhombic-loop antenna by in-
troducing a broad-band balun. The broad-band circularly po-
larized loop antennas have two important features: i) it is easy
to change the sense of circular polarization (from left-hand to
right-hand, and vice versa) using radio-frequency (RF) switches
such as microelectro-mechanical systems (MEMS), optoelec-
tronic switches, or PIN diodes; ii) it is able to implement an
antenna array in a coplanar stripline circuit.
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